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ABSTRACT

Theoretical models of the Venus cloud layer are compared with observations in the U, B and V spectral
regions. It is found that the models are sensitive to the detailed scattering properties of the particles. A
model of a terrestrial type cloud containing spherical water droplets or ice particles with radii distributed
around 4 x provides good agreement with the observed phase curve of Venus, superior to that obtained in
previously published calculations. There is a small disagreement with the observations at low phase angles,
suggesting the particles may have a slightly higher index of refraction than for water. However, observations
are sparse and uncertain at these angles and improved data are needed to resolve this point. The com-
parison with observations leads to the following conclusions: the particles in the cloud layer must be of
micron-size or larger, and are highly transparent; highly reflective but opaque particles are excluded; and
scattering properties of the cloud particles on Venus resemble those of water droplets, ice particles, or

particles of transparent minerals such as quartz.

1. Introduction

The clouds of Venus have been interpreted as water
droplets by Lyot (1929) and Deirmendjian (1954); dust
grains by Opik (1961) and Hansen and Matsushima
(1967); and ice crystals by Bottema et al. (1965b) and
Sagan and Pollack (1967). Also, scattering from a very
thick molecular atmosphere, as revealed by the occulta-
tion measurements of Mariner 5 (Kliore et al., 1967),
may contribute to the high albedo of the planet.

The general interest in the comparison between
Venus and Earth leads us to examine the possibility
that the Venerian clouds consist of liquid or frozen
water. There are arguments against water clouds,
mainly the small amount of water vapor indicated by
spectroscopy in the near infrared. The arguments in
favor of water or ice clouds are based upon the known
existence of water in the atmosphere and the possi-
bility that temperatures may be low enough to cause
condensation. We have therefore embarked upon a
program to see if observations in the visible spectrum
would help resolve the issue.

The visible spectrum is well suited for studying the
composition and structure of the Venus cloud layer.
‘The high albedo of the planet in this wavelength region
implies that the reflected photons carry a large amount
of information on the scattering properties of the cloud
layer with only minor contamination from absorbing
gases. Also, there are fewer observational problems in
this wavelength region.

Our aim is to distinguish among proposed models of
the Venus cloud layer on the basis of the angular dis-
tribution of the scattered solar radiation at various
wavelengths. Two types of observations are important

1 Present affiliation: Lockheed Electronics Co., Houston Aero-
space Systems, Houston, Tex.

in this regard: 1) luminosity and polarization of the
planet vs the phase angle between sun and earth sub-
tended at the planet; and 2) distribution of brightness
and polarization over the planetary disk at various
phase angles.

In this report we compare theoretical models of the
reflecting layer in the Venus atmosphere with observa-
tions in the U, B and V wavelength regions. Polariza-
tion is not considered. The models are assumed to be
plane-parallel, homogeneous, semi-infinite atmospheres
characterized only by a scattering diagram and a par-
ticle albedo. The calculations differ from previous ones
in that we include multiple scattering with highly aniso-
tropic scattering diagrams.

The results show that the phase curve, i.e., luminosity
vs phase angle, is quite sensitive to the details of the
scattering diagram. It is found that a model with scat-
tering characteristics similar to terrestrial clouds con-
taining spherical particles—either liquid water or ice,
with radii distributed aroeund 4 u—provides a good fit
to the data in the visual spectrum and a partial fit to
the colorimetric data.

From these results the conclusion is drawn that the
particles forming the Venus clouds are of micron size or
larger and highly transparent. Highly reflective but
opaque particles (e.g., minerals with appreciable metal
content) are shown to be excluded by this analysis. The
results lend some support to the water cloud hypothesis
(either liquid or frozen spherules), but an apparent dis-
agreement at low phase angles—where data is sparse
and uncertain—suggests the particles may have a
slightly higher refractive index (~1.5) than for water
(~1.33). Until the scattering from other transparent
dielectrics is studied and improved data are available,
it would be premature to draw definite conclusions on
the composition.



618

2. Details of the calculation

a. Assumptions of the models

The theoretical models are based upon several simpli-
fying assumptions:

1) The scattering layers are plane-parallel instead of
spherical and are horizontally uniform.

2) The optical thickness of the atmosphere is suffi-
ciently large so that the underlying surface layer has a
negligible effect on the reflected radiation.

3) The scattering diagram and particle albedo, which
are defined below, are independent of optical depth.

These assumptions reduce the number of parameters
without sacrificing essential features of the problem.
Neglect of the planet’s sphericity will introduce errors
in the calculated brightness only in the region very
close to the terminator and will not affect the lumi-
nosity calculations except at phase angles > 170°.

With these assumptions, two quantities are required
as input to the model:

1) The scattering diagram, P(cosf), where 6 is the
scattering angle; it describes the angular distribution of
radiation scattered from a single particle, averaged over
the particle size distribution.

2) The particle albedo wp defined as the ratio of the
scattering cross section to the extinction cross section
(the ratio being 1 for nonabsorbing particles).

b. Scattering diagram

The relationship between the scattering diagram and
a planet’s phase curve is, in general, complicated. The
radiation measured by an observer at a particular phase
angle o has been through one or more scattering proc-
esses in the planet’s atmosphere, resulting in a net de-
flection f=m—a from the initial direction of the solar
beam. At each scattering, the change in direction is
statistically determined by the scattering diagram,
P(cosf). The fraction of the total reflected radiation
that results from only one scattering has a phase de-
pendence given by the product of P[cos(r—a)]] times
a relatively smooth function of «, its dependence upon
a stemming only from the geometrical relationship of
the sun and planet to the observer. Therefore, to the
extent that single scattering is the dominant part of the
total reflected radiation, the properties of the scattering
diagram at some angle § are directly manifested by the
phase curve at the corresponding phase angle, a=m~—6.
When multiple scattering dominates over single scat-
tering, the approximate one-to-one relation between
the scattering diagram and the phase curve is no longer
valid.

The ratio of the contribution from single scattering
to the total multiply-scattered beam depends upon the
particle albedo wo and on the angles of incidence and
reflection. There are two cases for which single scatter-
ing dominates [see Minnaert (1935) or van de Hulst
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(1957)]: 1) wek1, and 2) both ¢ and u (the cosines of
the zenith angles of the sun and observer, respectively)
are close to zero.

For a highly reflecting planet like Venus, wp is close
to one; hence, condition 1) is not satisfied. But when
the phase angle is close to 180°, condition 2) is satisfied
in any event. Consequently, the luminosity at large
phase angles is controlled by the forward part of the
scattering diagram.

In addition, any unusually strong peak in the scatter-
ing diagram would be expected to increase the relative
contribution of single scattering at the corresponding
phase angle. It will be seen below that a local maximum
in the scattering diagram for water droplets at 8= 140°
(the familiar rainbow) causes a relative enhancement
in the phase curve at a==40°,

Attempts to deduce the scattering diagram directly
from the observed phase curve of Venus have been made
by Sobolev (1964). His quantitative results may not be
reliable in view of the inherent instability in the appli-
cation of inversion methods to data with the uncertain-
ties typical of luminosity measurements; for example,
Sobolev could not obtain meaningful results with the
data of Knuckles et al. (1961). Qualitatively, however,
these investigations reveal that the scattering diagram
is strongly peaked in the forward direction and mod-
erately peaked in the backward direction. The scatter-
ing diagram derived by Sobolev (1964), using the
luminosity measurements of Danjon . (1949), is shown
in Fig. 1. Also shown are the Rayleigh scattering dia-
gram, applicable to pure molecular scattering, and a
scattering diagram applicable to terrestrial clouds. All
three have been used in the present calculations.

Horak (1950) calculated both the luminosity and
polarization curves of Venus using a Rayleigh scattering
matrix, including polarization effects, and concluded
that molecular scattering could not account for the
Venus observations; in particular, there was complete
disagreement, in both sign and magnitude, with the
polarization measurements. Subsequent calculations
(Horak and Little, 1965), using a variety of scattering
diagrams including several with modest forward peaks,
still provided poor fits to the observations. Their best
phase curve was obtained with a scattering diagram
(also shown in Fig. 1) which has less forward scattering
than Sobolev’s function, but comparable enhancement
in the backward direction. The calculated phase curve
of Horak and Little greatly underestimated the lumi-
nosity at phase angles >130°, indicating that a much
stronger forward peak in the scattering diagram is neces-
sary than has heretofore been used.

Strong forward scattering is a characteristic of par-
ticles with large size parameters, x=2x7/\, where 7 is
the particle radius and A the wavelength. For terrestrial
haze in the center of the visible spectrum, x ranges from
0.1-10; for terrestrial clouds, « ranges from 10-1000,
depending upon cloud type; for raindrops, x ranges
from 1000-100,000.
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Deirmendjian (1964a) has calculated the scattering
diagrams for several haze and cloud models correspond-
ing to terrestrial conditions. His cloud model was based
upon a water droplet size distribution given by

68 1 /77\®
n(r)=— -—<——> exp[—6r/7.],
5! 7e

! 7.

where % (7) is the fraction of particles with radii between
7 and 7-+dr, and 7., the radius at which » is maximum,
was given the value 4 u. A plot of this size distribution is
shown in Fig. 2. The size parameter (at A=0.554 )
ranges from about 25-75 with a peak at 45.

The scattering diagram for Deirmendjian’s cloud
model, at a wavelength of 0.554 u, was calculated by
H. Cheyney using several hundred Mie terms, and is
shown in Fig. 1 labelled “terrestrial cloud.”

The method used to obtain solutions to the multiple
scattering problem required expansion of the scattering
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F16. 1. The relative intensity of scattered solar radiation, due to
a single scattering, as a function of the scattering angle. Each
curve is displaced along the ordinate by an arbitrary amount to
separate them. The top curve represents the model of a terrestrial
type cloud with particle size distribution shown in Fig. 2. The
second curve is the scattering diagram derived by Sobolev (1964)
by inversion of the observational data of Danjon (1949). The
third curve is the scattering diagram used by Horak and Little
(1965). The bottom curve is the Rayleigh scattering diagram,
applicable to pure molecular scattering.
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F16. 2. The particle size distribution assumed for the terrestrial
cloud model, where % (r) is the number of particles per unit volume
per micron of radius in relative units and 7 is the particle radius
in microns.

diagram in a Legendre series. Computing time is ap-
proximately proportional to the number of terms in the
series. Due to the very sharp forward (diffraction) peak,
the cloud model required 350 terms. To reduce compu-
tation time, therefore, the diffraction peak was trun-
cated, permitting representation of the function by a
50-term Legendre series. The resulting modification to
the scattering diagram, which occurs in the vicinity of
0° and 180°, is indicated by the dashed lines in Fig. 1.
It is the modified scattering diagram that is used for the
“terrestrial cloud model” calculations.

Test runs made by Potter (1968) have shown that the
extreme forward peak (between 0° and 10°) has only a
small effect on the reflected radiation except for near-
grazing angles, which correspond to a planetary phase
close to 180°. This region is excluded from the discus-
sion in any case because of the neglect of the planet’s
spherical shape and, furthermore, the data at very large
phase angles are difficult to obtain because the measure-
ments must be made when the planet is within a few
degrees of the sun’s position.

Sobolev’s scattering diagram was tabulated at 15°
intervals in the range 15°-165°. A smooth curve was
drawn through the given values and extrapolated by eye
to 0° and 180°. A representation of this curve by a 50-
term Legendre series is shown in Fig. 1 labelled “Sobo-
lev” and is one of the diagrams used in the present
calculations.

There is a dependence of the scattering diagram upon
the wavelength, but within the range of wavelengths
covered by the UBV filter system, the centers of which
are at 0.353, 0.448 and 0.554 u, respectively, the varia-
tion of the scattering diagram can be neglected.
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¢. Particle albedo

Since pure water droplets have a negligible amount
of absorption in the visible spectrum, the particle al-
bedo associated with the cloud scattering diagram is
practically equal to one and the resulting spherical
(Bond) albedo for an infinitely thick planetary atmos-
phere would also be close to one. It is therefore neces-
sary to assume the existence of an absorbing consti-
tuent either in the cloud particles themselves or in the
gas surrounding the particles. (A third possibility is an
atmosphere of finite thickness overlying a partially ab-
sorbing surface, but in line with our desire to reduce
parameters in these preliminary calculations, we will
not consider it.)

The effect of the absorbing constituent is represented
by a particle albedo wo<<1. By trial and error it was
possible to choose a value of wy which led to a spherical
albedo 4 in agreement with observations. The values
of wo for each wavelength interval were chosen to match
the measurements of Knuckles et al. (1961), and are
shown in Table 1 for each model.

Tasie 1. Values of particle albedo wo for each model required
to mz)ttch the spherical albedo 4 measured by Knuckles et al.
(1961).

Ao wo A
Terrestrial  Sobolev
Filter Cloud (1964) Rayleigh
U 0.353 0.9789 — 0.9250 0.53
B 0.448 0.9969 — 0.9883 0.78
v 0.554 0.9990 0.9981 0.9963 0.87

Absorption within the liquid droplets changes the
shape of the scattering diagram as well as the particle
albedo, whereas absorption in the surrounding gas

leaves the scattering diagram unchanged. However, the
~amount of absorption necessary to fit the observed
albedo in each wavelength interval is sufficiently small
so that the change in the shape of the scattering func-
tion is of minor inportance as far as these calculations
are concerned. Therefore, the scattering diagram that
was calculated for A=0.554 x was used in all three
wavelength intervals.

d. Multiple scattering

In the course of this investigation a number of dii-
ferent methods were employed to obtain selutions to
the problem of radiative transfer in a planetary at-
mosphere with highly anisotropic scattering diagrams.
A detailed discussion of the results of this investigation
is presented in a separate paper (Potter and Grossman,
1968). The solutions presented below were obtained
using the doubling method developed by van de Hulst
(1963), which is further discussed by van de Hulst and
Grossman (1967). This method requires an initial solu-
tion to the multiple scattering problem for some optical
thickness 7o. Then by successive doubling, a solution is
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obtained for the optical thickness 7= 2/r,, where j is the
number of times the doubling is performed.

It has been shown by Hansen (1968) that one can
begin with a sufficiently small value of ro(~2"2)to
enable one to use the single scattering solution to the
initial problem and then double up to any desired value
of the optical thickness. This procedure was followed
to obtain the solution for an optical thickness r=1024.

In the context of a plane-parallel atmosphere, we
define { as the cosine of the nadir angle of the incoming
solar beam, u as the cosine of the zenith angle of the
outgoing beam of reflected radiation, and ¢ as the dif-
ference in azimuth angles between the incoming and
outgoing directions (such that ¢=m for reflection back
towards the sun). The solution to the radiative transfer
problem, the diffuse upward and downward intensities,
were obtained in the form of a Fourier series with
respect to ¢, each component evaluated at 24 values of
¢ and 24 values of u. For convenience in the subsequent
integrations, these values were chosen to coincide with
the Gauss points.

The solution to the radiative transfer problem is most
conveniently represented by the reflection function, de-
fined as the ratio of outgoing intensity to that expected
from a Lambert surface with unit reflectance, i.e.,

I(tm,0)
R(?;/‘; ‘P) =
¢F

where I(¢,u,¢) is the outgoing intensity .and F is 1/x
times the flux normal to the beam of radiation incident
on the atmosphere. These solutions are discussed by
Potter and Grossman (1968).

e. Planetary photometry

The reflection function for any point P on the
planetary disk, as viewed by a distant observer, can be
expressed in terms of the phase angle « and the two
disk coordinates: p, the distance between P and the disk
center O, measured in units of the disk radius; and ¥,
the polar angle measured counterclockwise from a line
drawn from O through the sub-solar point S (see Fig. 3).
The transformation from ({,u,¢) coordinates to (o,p,¥)
coordinates is given by

= (1—p®)* cosa+p sina cosy, (1a)
u=(1—p»3, (1b)
siny
o= tan“[ ]a (lc)
(1—p%)* cosy—p cota

where 0< ¢<m above the equator and = < ¢ < 27 below
the equator. On the equator, ¢=0 between the sub-
earth point O and the sub-solar point S, and ¢=m
between the terminator T and the sub-earth point O
and between the sub-solar point S and the limb L (see
Fig. 3).
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F1c. 3. The geometry of the planetary disk shown at a phase
angle of 60°. The sub-earth point is denoted by O and the sub-
solar point by S.

For a specified phase angle «, the absolute brightness
(intensity) of any point on the disk is given by

SFR(Cm,0), $>0

I(a:P"!!’) = 0 ¢<0 )

(2)

where 7F is the solar flux at the position of the planet.
The total luminosity of the planet, i.e., the flux mea-
sured by the observer, is obtained by integrating the
intensity over the solid angle subtended by the planet.

Thus,
a 2 27 1
r@- (%) R C
A o Jo

in the limit /A<, where a is the planetary radius and
A is the distance between planet and observer.

The geometric albedo, defined as the ratio of the
planet’s luminosity at full phase (@=0°) to that of a
Lambert disk of the same size and in the same position
as the planet, and oriented towards the earth, is given
by

A'Z
p=—"-L(0). )

wa*F

By noting that at =0°, { and u are equal and I is in-
dependent of ¢, the geometric albedo can be written as

1

p=2 ] Runm)pidp. )

The spherical or Bond albedo, the ratio of total radia-
tion reflected by the planet to the total incident radia-
tion, is obtained by integrating the luminosity that would
be measured at all points on the surface of an imaginary
sphere concentric with the planet, of radius A, and
dividing by the total solar flux intercepted by the
planet. This leads to the following expression for the
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spherical albedo:

A= p[z /0 " ) sinada], ©)

where £(a)= L{e)/L(0) is usually called the phase curve
and the quantity in brackets is called the pkase factor.

The spherical albedo can also be written in terms of
the reflection function. First, we write the albedo for
an infinite plane, the ratio of reflected radiation to in-
cident radiation for a specified value of the solar zenith
angle, )

1 2T 1
R(t)=- / f Rt )udud . )

The spherical albedo is then obtained by averaging
R(¢) over the sunlit hemisphere, appropriately weighted
by the incident solar flux, '

A=2 / RGO, ®)

]

The observations are usually tabulated using an ap-
parent magnitude scale which is defined by

)

L(a)
Me)=M—2.5 lOgI: :I,

’n'Fo

where M, is the solar magnitude and #F, is the solar
flux at 1 AU.

Setting F=F,/D?, where D is the sun-planet distance
in AU, we substitute Eq. (3) into Eq. (9) to obtain

AD
M@ =Mt+53 log( >—2.5

a

1 27 1
Xlog[“ / / I (a,p,l//)pdpdxb]- (10)
wFJo Jo

The quantity in brackets is obtained from the solution
to the radiative transfer problem by means of Egs. (1)
and (2).

Inasmuch as these calculations will be compared with
the observations of Knuckles ef al. (1961), we normalize
our results to the same set of parameters:

A=1AU
D=0.723 AU
¢=6100 km

and the same values for the solar magnitudes in the U,
B, and V regions of the spectrum:

Mo(V)=—126.73
Mo(B)=—126.10
Mo(U)=—25.94



622

-6 T B S— T T T T T

VENUS
el VISUAL

w -3 N
)
)
Lo
Z
O]
<<
= -2 f N
vy
-l b —— TERRESTRIAL CLOUD VoL ‘1
~-—- MOLECULAR ATMOSPHERE VA
-—-~ HORAK & LITTLE (1965) \ \ E
- SOBOLEV (1964) v
e OBSERVATIONS (KS 8 S 1961) W
o+ v
\
X
\
\
L
. \ \
1 1 1 1 B I 1 B i

(o] 20 40 60 80 100 120 140 160 180
PHASE ANGLE

F16. 4. The Juminosity of Venus in the visual spectrum vs phase
angle. The luminosity is expressed in magnitudes after adjusting
the Sun-Venus and Earth-Venus distances to the standard values,
0.723 and 1.0 AU, respectively. Four theoretical curves are com-
pared with the observations of Knuckles ef al. (1961).

3. Discussion of results

a. Phase curves in the visual region

The luminosity vs phase angle in the visual spectrum
was calculated for three different scattering diagrams:
1) terrestrial cloud model, 2) molecular atmosphere
(Rayleigh), and 3) Sobolev (1964). The results are
compared in Fig. 4 with the measurements of Knuckles
et al. (1961). Also shown on the same graph are the
calculations of Horak and Little (1965).

It is noted that the terrestrial cloud model provides
a very good fit to the visual observations between 50°
and 170°. Between 0° and 50° the data are sparse and
highly uncertain, as indicated by the large amount of
scatter; beyond 170° the theory is not applicable. The
other models deviate considerably from the observa-
tions, especially beyond 100°,

The failure of the molecular atmosphere model and
the Horak and Little model is clearly due to the absence
of sufficient forward scattering. This is evident from the
progressively larger deviation from the observations as
o approaches 180°. Horak and Little, with a modest
forward peak in the scattering diagram, is clearly
superior to the molecular model, which has no peak.
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The Sobolev model, on the other hand, has a fairly
substantial forward peak, almost as strong as in the
terrestrial cloud model. It is no surprise, therefore, that -
at around 170° the two phase curves coincide. But
between 80° and 165°, there is a substantial gap between
the two curves: the Sobolev model is inconsistent with
the data while the terrestrial cloud model follows the
data quite faithfully. This result clearly points out the
sensitivity of the phase curve, not only to the broad
features of the scattering diagram, but also to its de-
tailed shape.

To the extent that the data between 0° and 50° are
reliable, the terrestrial cloud model falls short of the
observations in this range. However, the spread in
values indicates the data is highly uncertain at these
angles and, furthermore, there is only one measurement
in the critical range between 25° and 45°. More obser-
vations with greater accuracy are clearly needed to
resolve this point.

It is interesting to note that the “rainbow peak” in
the scattering diagram of the terrestrial cloud model
(at 6~=140°) produces a slight enhancement of the lu-
minosity at a phase angle a=40°. The data of Knuckles
et al., although sparse and widely scattered in this
region, show no indication of an enhancement near 40°.
Likewise, it does not show up in the data of Danjon
(1949), although again the uncertainty in the measure-
ments might mask this feature. If anything, the data in
Fig. 4 suggest an enhancement near 20°, a feature char-
acteristic of spherical particles with index of refraction
around 1.5.

The “rainbow peak” is a characteristic of spherical
particles large compared with the wavelength. Its posi-
tion depends quite sensitively on the index of refraction
but is only slightly dependent upon particle size. A
change in the index from 1.3328 (for water at 0.554 y)
to 1.5 (e.g., quartz) would cause the peak in the scatter-
ing diagram to shift from §~140° to 6~ 160°.

To learn the extent to which the backward part of
the scattering diagram affects the phase curve, calcu-
lations were performed with modified forms of the scat-
tering diagram for the terrestrial cloud model. Fig. 5

~ shows the backward part of the scattering diagram

used in the terrestrial cloud model, labelled @, and two
medifications: b, elimination of the rainbow peak with
enhancement of the backward peak ; and ¢, elimination
of both the rainbow peak and the backward peak.

The phase curves obtained with these modifications
are shown in Fig. 6. They illustrate quite well the dis-
cussion in Section 2b. Where the rainbow peak was elim-
inated and the backward peak enhanced (modification
b.), there is a sharp rise of the luminosity at 0°; also, the
enhancement at 40° which appeared in curve @ is gone.
Where the entire backward rise was eliminated (modi-
fication ¢), the luminosity becomes asymptotically flat
near 0° and is lower than curve a in the range 0°~50°.
(Since all three curves are normalized to give the same
albedo, the differences at phase angles >50° can be
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attributed mostly to compensation for the differences at
low phase angles.)

Neither modification improves the agreement with
observations. If, as mentioned above, we interpret the
measurements as indicating an enhanced luminosity at
a=20° then we should look for a scattering diagram
which peaks at a scattering angle of §=~160°, a char-
acteristic of particles with refractive index around 1.5.
This interpretation of the data also suggests an upper
limit to the refractive index. An index >1.7 would
place the rainbow peak at a scattering angle 6>170°
and would result in a scattering diagram not too dif-
ferent from modification b, which is apparently in-
consistent with the observations.

In addition, the poor fit obtained with modification
¢ excludes the possibility of opaque particles. In order
for the particle albedo to be as high as shown in Table 1,
which is necessary to match the observed spherical
albedo, the particles must be either highly transparent
(imaginary part of the refractive index 2<<10™%) or
highly opaque (%> 10, metals falling into this category.)
For the intermediate range 104<£2< 10, the resulting
particle albedo will be too low. Since the scattering dia-

gram for highly opaque particles would be similar to

modification ¢, i.e., it remains flat in the backscattering
region, highly opaque particles are therefore not con-
sistent with the observations.

b. Variation of color with phase

The luminosity vs phase angle for the terrestrial
cloud model was also calculated in the blue and ultra-
violet spectral intervals. Comparison with the observa-
tions showed agreement to the same extent as in the
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F16. 5. Modified forms of the backward part of the scattering
diagram showing e, the diagram for the terrestrial cloud model as
used in the present calculations (50-term Legendre series expan-
sion of the calculated diagram minus the forward diffraction peak);
b, a modification of ¢ in which the rainbow peak is eliminated and
the backward peak enhanced; and ¢, a modification of ¢ in which
both the rainbow peak and the backward peak are eliminated.
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F16. 6. The luminosity of Venus in the visual spectrum vs phase
angle for the three scattering diagrams shown in Fig. 5. The ob-
servational data of Knuckles et al. (1961) are shown as filled
circles.

visual. Since the appearance of the graphs hardly dif-
fered from the graph for the visual in Fig. 4, they are
not shown here. The color differences, however, are a
very sensitive test of the theory inasmuch as the obser-
vations of Knuckles et al. do reveal small changes in the
color of Venus with phase angle.

The color differences B—V and U—B calculated
with the terrestrial cloud model are compared with the
observations in Figs. 7 and 8. The U/— B difference is in
good agreement with the observations between 80° and
150°, there is very little data between 60° and 80°, and
the fit is poor between 0° and 60° and beyond 150°. The
B~V difference does not seem to fit the data at all. (It
should be kept in mind that an “average agreement”
with the observations over the entire range of phase
angles is of no significance but simply a consequence of
choosing wo to obtain agreement between the calculated
and observed values of the spherical albedo.)

The failure to achieve agreement with the colorime-
tric data does not necessarily indicate that the terres-
trial cloud model is far from the truth. For example, the
B—V and U—B curves are everywhere within 0.1
magnitude of the observations, i.e., a deviation of less
than 109, in the flux ratios.
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It seems that one would need a more elaborate theo-
retical model to achieve agreement with the colorime-
tric data. Since we have assumed that the scattering
diagram is independent of wavelength, the color phase
effect is solely a consequence of the variation of particle
albedo with wavelength, which is constrained by the
spherical albedo measurements. There are several
factors which have been omitted from consideration in
order to keep the model simple but which would
strongly influence the variation of color with phase.
They are as follows:

1) The molecular atmosphere within and above the
cloud has been neglected. Molecular scattering is
governed by the Rayleigh scattering diagram, which is
quite flat compared to the terrestrial cloud model. To
include molecular scattering it is necessary to average
the two scattering diagrams, i.e.,

P(cosh)= < )Pm (cosh)

Coltm=t0 e

Tche
(_——>pc(coso>,
Tmfimt 0 e
where the subscript m refers to the molecular atmos-
phere and ¢ refers to the cloud particles; ¢ is the scat-
tering cross section (per molecule or cloud particle, as
the case may be); and # the particle density. The terms
ac and P,(cosf) have only slight dependence upon the
wavelength \ and P,,(cosf) is independent of X ; ., how-
ever, is proportional to A™% As a result, the scattering
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F16. 7. The difference in luminosity between the blue and the
visual regions of the spectrum vs phase angle. The solid line is the
theoretical curve obtained with the terrestrial cloud model and
the filled circles are the observational data of Knuckles et al.
(1961).
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F1c. 8. The differences in luminosity between the ultraviolet
and the blue regions of the spectrum vs phase angle. The solid line
is the theoretical curve obtained with the terrestrial cloud model
:End the filled circles are the observational data of Knuckles et al.

1961).

diagram could change appreciably with wavelength,
leading to a large color phase effect. This effect alone
would probably produce an even greater departure of
the B—V and U—2B curves from the observations at
large phase angles because the effect of mixing molecu-
lar scattering with cloud particle scattering is a dimi-
nished forward peak at short wavelengths; hence, there
will be a reddening of the luminosity at large phase
angles, contrary to the observations.

2) The absorption has been assumed to be independ-
ent of particle size. If we assume there is a mixture of
types of particles such that particles that absorb at one
wavelength are usually smaller or larger than particles
which absorb at another wavelength, the scattering
diagram would then be a function of A. (It has already
been pointed out above that there is a small variation
of the scattering diagram with wavelength if absorption
occurs within the particles, even if the absorption were
a uniform function of particle size.)

3) The colorimetry is no doubt also affected by our
assumption of vertical homogeneity. A stratified at-
mosphere in which the particle albedo and/or the par-
ticle size distribution vary with depth could also pro-
duce appreciable variation of color with phase. In this
connection, the molecular atmosphere would be im-
portant because the mixing ratio of cloud particles, and
hence the scattering diagram, would become a function
of depth.

4) Another possibility for improving the colorimetry
agreement is to consider a finite atmosphere overlying
a reflecting surface. For example, a yellowish surface
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F16. 9. The brightness of Venus across the center of the disk per-
pendicular to the terminator, at a phase angle of 88°. The dashed
lines are microdensitometer tracings of the Venus image made by
Richardson (1955). The solid line is the theoretical curve obtained
with the terrrestrial cloud model and the dotted line is the the-
oretical curve obtained assuming pure Rayleigh scattering.

would produce a generally yellow tint in the luminosity
at small and intermediate phase angles, whereas at
large phase angles the luminosity would turn towards
the blue because the influence of the surface would be
considerably diminished.

¢. Brightness across the planetary disk

The distribution of brightness over the planetary
disk is given by Egs. (1) and (2). The calculated bright-
ness across the center of the disk perpendicular to the
terminator is compared in Fig. 9 with observations in
the ultraviolet made at a phase angle of 88°. The calcu-
lations are shown for the terrestrial cloud model (solid
line) and for the molecular atmosphere model (dotted
line); the observations (dashed lines) were made by
Richardson (1955). The vertical scale is arbitrarily
chosen so that the intensity has the value 100 at the
maximum. (It was found necessary to shift our abscissa
relative to Richardson’s graph by an amount Ap=0.12.
It 1s of little significance because his method for deter-
mining the position of the limb, and hence the origin of
the p coordinate, was quite arbitrary.)

The difference between the curves for the terrestrial
cloud and the molecular atmosphere provides some in-
dication of the sensitivity of the brightness distribution
to the scattering diagram. The disparity between the
theoretical and observed brightness near the limb is
very likely the effect of the resolution limit of the Venus
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photographs. A resolution of 0.3 sec of arc (which repre-
sents very good seeing conditions) would cause any
sharp edge to be smeared over a range of the radius
parameter Ap of approximately 0.05.

On the terminator side of the brightness peak the
terrestrial cloud model is in fair agreement with the ob-
servations. In making such comparisons, one should
note that brightness distribution measurements are far
more sensitive to inhomogeneities over the planet’s
surface than integrated light photometry, which yields
the phase curves.

4. Comparison with other evidence

a. Evidence for condensed water and ice

The composition of the Venus clouds has been de-
bated extensively during the last ten years. The early
polarization measurements of Lyot (1929) revealed that
the polarization phase curve of Venus is quite similar
to what one would expect from water droplets 1-2 x in
radius. Van de Hulst (1952) suggested, however, that
quartz spherules, 5-10 g in radius, might also satisfy
Lyot’s measurements.

On the basis of the observed Venus spectrum between
1.7 and 3.4 u, Bottema ef al. (1963b) concluded that the
clouds were composed of ice crystals. They found a
close similarity between the reflectivity of Venus and
the spectrum of a laboratory ice cloud (after taking into
account absorption by CO, and water vapor in the
Venus atmosphere). Of particular interest is their match-
ing of an absorption feature in the Venus spectrum at
2.0 u with the spectrum of ice. Sagan and Pollack (1967)
affirmed the ice cloud hypothesis after comparing the
observations of Bottema ef al. with calculations for
spherical ice particles of various sizes.

Rea and O’Leary (1968), on the other hand, find that
the features of the infrared spectrum between 1.4 and
3.4 u could be explained by CO; absorption alone, with-
out introducing any ice particles. They point out that
the observed spectrum between 1.4 and 1.8 u, obtained
by Kuiper (1962), does not show the deep absorption
feature at 1.5 u that appears in the spectrum of ice
clouds produced in the laboratory by Zander (1966).
They further note that the 2.0 u absorption feature ob-
served by Bottema et al. is due entirely to CO,. (The
disagreement with Bottema ef al. is on the amount of
CO; absorption.) The conclusion reached by Rea and
O’Leary is that the near infrared spectrum offers no
evidence that water droplets or ice particles are the
major constituent of the Venus clouds and, furthermore,
if these particles do exist then they would have to be sig-
nificantly smaller than 1 u.

Hansen and Cheyney (1968) dispute the conclusions
of Rea and O’Leary. The latter had based their results
on Zander’s (1966) measurements of reflection from an
optically thick cloud of ice crystals which were reported
to have diameters of 1-3 u. It was subsequently found
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by Zander that his small laboratory ice crystals were
usually clustered in aggregates as large as 15 u. The cal-
culations of Hansen and Cheyney show that the spec-
tral reflectivity in the near infrared expected from ice
particles 1-3 p in diameter is compatible with the ob-
servations of .Kuiper (1962) for limited finite optical
thicknesses of the cloud layer. The limit on the-optical
thickness seems high enough for the cloud layer to
account for the high albedo in the visible spectrum—
considering < contributions from the molecular atmos-
phere and the underlying surface.

b. Water vapor and the Venus clouds

If the Venus clouds were composed of water (either
liquid or frozen), then the gaseous atmosphere in the
immediate vicinity of the clouds would be saturated
with water vapor. Spectroscopic observations in the
near infrared (Dollfus, 1963; Bottema et al., 1965a;
Belton and Hunten, 1966) indicate the presence of
water vapor absorption lines in the Venus atmosphere.
It is difficult to interpret the observations in terms of a
specific quantity of water vapor above some level in the
atmosphere because the path of the photon, as it pene-
trates through the cloud medium and undergoes suc-
cessive scattering before it emerges again, is quite
uncertain.

If the absorption is assumed to occur exclusively
above the cloud level, then the water vapor lines indicate
approximately 10~2 gm cm™2 of water vapor above the
clouds. The amount of water vapor expected if the
cloudtop level were saturated depends very critically
upon the temperature. Chamberlain (1965) finds that
for a cloudtop temperature > 215K, the amount falls
short of saturation. Chamberlain’s conclusion is based
upon the assumption that the water vapor mixing ratio
is constant above the clouds. Allowing for a possible
decrease of the mixing ratio with altitude above the
clouds, Ohring (1966) finds that the limit on the cloud-
top temperature can be extended to =~ 230K. The cloud-
top temperatures are believed to be in the neighborhood
of 235K ; this approach, therefore, to the spectroscopic
measurements mildly suggests that the amount of water
vapor is not sufficient to produce saturation at the
cloud level..

In a more realistic approach to the interpretation of
the H,O absorption spectrum, it is necessary to take
into account the multiple scattering of photons within
the cloud layer. By comparing the observed spectrum
(containing CO, and H,O lines) with synthetic spectra
based upon multiple scattering theory, Belton et al.
(1968) find that the ratio of HO to CO, is <107* This
ratio would not produce saturation unless the tempera-
tures within the cloud layer (where the lines are formed)
are less than 213K. Therefore, unless cloud tempera-
tures are much below 235K, the near infrared spectro-
scopic measurements from outside the planet indicate
there is insufficient water vapor to account for clouds of
condensed water.
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The spectroscopic measurements of water vapor in
the Venus atmogphere are not all in agreement with
each other. Kuiper? has recently obtained H;O spectra
which seem to be in significant disagreement with the
above mentioned observations. Interpreted in terms of
a specific amount of water vapor above a reflecting
layer, Kuiper finds only 1-2)X10~* gm cm™2, approxi-
mately two orders of magnitude smaller than the ob-
servations upon which Belton ef al. based their an-
alysis. If these observations are preferred, then there
is no chance of any water condensation in the Venus
atmosphere and the clouds would certainly be of some
material other than water or ice. It may be that all
measurements are correct and the differences are in-
dicative of time variations, but even in this case one
would exclude water as the principle constituent of the
clouds because the clouds seem to be both temporally
and planetographically uniform.

Recently, an iz silu measurement of the water vapor
content in the Venus atmosphere was made by the
Soviet spacecraft Venera 4. A preliminary analysis of
the measurements, reported by Vinogradov et al. (1968),
indicates a water vapor mixing ratio between 0.001 and
0.007.

For a given water vapor mixing ratio w, the maximum
relative humidity occurs when

drsw

——<—>=0’

dz\w,
where w is the water vapor mixing ratio and w, the
same at saturation. Assuming w is independent of z and

writing w, as the ratio of the saturation vapor pressure
to the total pressure, i.e., w.=p./p, Eq. (11) becomes

(11)

(12)

where the left-hand side is the reciprocal of the pressure
scale height H. We can therefore write (12) as

ar 1 dp\T?

w1

dz p. AT
The scale height found in the Mariner § occultation ex-
periment (Kliore ef al., 1967) is 5.4 km and (1/p,)
X (dp+/dT) for the appropriate range of temperatures is
found in standard tables to be =0.1 (°C)™* (less over
ice than over liquid water). This leads to a temperature
gradient ~2C km™, where the relative humidity
should be a maximum.

Referring to the curve of temperature vs radial dis-
tance determined by Mariner 5 (Fig. 7 of Kliore et al.,
1967), the maximum relative humidity should occur
near the top of the troposphere (at a radial distance of

(13)

2 Ruiper, G. P., 1968: Paper presented at Second Arizona Con-
ference on Planetary Atmospheres, Tucson, 11-13 March.
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6122 km) where T~ —30C and p=70 mb (assuming a
CO, ratio of 90%) At that temperature thesaturation
pressure over ice is $,=0.38 mb leading to a saturation
mixing ratio w,.=0.005.

The upper and lower limits of the observed mixing
ratio, 0.001 and 0.007, fall on either side of the satura-
tion ratio and therefore one cannot draw a definite con-
clusion from these observations as to whether con-
densed water is present in the Venus atmosphere. The
upper limit of the water vapor mixing ratio, 0.007, does
indicate, however, that if the Venus clouds consist of
condensed water, then they cannot be more than 2 or 3
km thick because the relative humidity drops very
rapidly below the tropopause.

In summary, the in sifu measurement of Venera 4
provides an inconclusive indication as to whether or not
there is sufficient water vapor to cause saturation at one
point on the planet. The spectroscopic measurements,
which generally cover a significant fraction of the
planet’s surface area, suggest that the water is in-
sufficient to produce saturation unless cloud tempera-
tures are well below 235K.

5. Summary

A review of data on the Venus atmosphere does not
remove previous uncertainties regarding the principle
constituent of the cloud layer. Although there are strong
arguments against water or ice clouds, there is no
direct evidence to exclude them. The in sifu measure-
ments of water vapor by the USSR probe Venera 4, are
not precise enough to settle the question, although they
do indicate that if the clouds are composed of water or
ice they cannot be more than a few kilometers thick.
Water or ice clouds of moderate thickness are compat-
ible with the near infrared continuum.

In this paper we have compared observations of
Venus in the visible spectrum with theoretical models
of the scattering layer. We find that a model of a ter-
restrial cloud, containing spherical water droplets or
ice particles with radii distributed around 4 u, provides
fairly good agreement with the phase curve of Venus,
considerably better than has been obtained with other
scattering diagrams; there is a suggestion of a disagree-
ment, however, at phase angles between 0° and 50°.
Since the observations are sparse and uncertain in that
region, improved data are needed to resolve this point.

To the extent that the phase curve matches the ter-
restrial cloud model, our calculations support the water
cloud hypothesis. But if improved measurements
should confirm what seems to be an inadequate fit at
small phase angles, then we might look towards chang-
ing the index of refraction of the cloud particles. The
need for more backscattering, and the apparent absence
of the “rainbow enhancement” at 40° point to a
higher refractive index than for water. What seems to
be a small enhancement of the luminosity near 20°
suggests a refractive index of 1.5.
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The color variations with phase, obtained with the
terrestrial cloud model, do not fit the observations as
well as the luminosity phase curve. In order to fit the
colorimetric data it seems likely that one must go to a
more complicated model which, for example, would
include molecular scattering by the gaseous atmosphere,
consider a finite cloud layer over a partially reflecting
surface, or allow for vertical inhomogeneities in the
scattering properties of the cloud particles.

From our comparison of the Venus observations with
several models of the scattering layer we draw the
following conclusions:

1) The particles in the Venus cloud layer must be of
micron-size or larger in order to provide the large
forward scattering needed to match the phase curve at
large phase angles.

2) The particles must be highly transparent in the
visual spectrum, with a real part of the refractive index
1.33<7.< 1.7 and an imaginary part 251074 The range
10—<%k <10 is excluded because it would lead to too low
a value for the spherical albedo. The range #2>1.7
and/or k>10 could satisfy the spherical albedo but
would eliminate the backward peak in the scattering
diagram that is necessary to achieve agreement with the
phase curve at low phase angles. Highly reflecting buc
opaque particles, e.g., minerals with high metal content,
which are characterized by large refractive indices, are
therefore excluded.

These conclusions are based upon comparisons with
the data of Knuckles et al. (1961). New measurements
are reported by Irvine (1968) which differ in some sig-
nificant aspects from the Sinton data. Specifically, 1)
Irvine’s luminosity is not as strong at large phase angles,
suggesting particles smaller than the 4 u radius con-
sidered here; and 2) Irvine’s colorimetric data show less
of a change of color with wavelength than Sinton’s data,
improving the agreement with the terrestrial cloud
model. In the critical region between 0° and 50° phase
angle, no new data are available.

On the basis of these results, it seems desirable to
perform the calculations for transparent particles other
than water with refractive indices in the range 1.33<#n
<1.7. Quartz and many other minerals fall into this
category. In pursuing this study, it may be necessary
to consider more elaborate models than the simple one
discussed here, i.e., models including the effect of the
gaseous atmosphere, cloud layers of finite thickness, in-
fluence of the underlying surface, and perhaps an in-
homogeneous atmosphere. It would also be important
to investigate the effect of non-spherically shaped par-
ticles on the scattering diagram.
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